Study Design. Anterior and posterior vertebral body heights were measured from sequential magnetic resonance imaging (MRI) scans of adolescent idiopathic scoliosis (AIS) patients and healthy controls. Objective. To measure changes in vertebral body height over time during scoliosis progression to assess how vertebral body height discrepancies change during growth. Summary of Background Data. Relative anterior overgrowth has been proposed as a potential driver for AIS initiation and progression. This theory proposes that the anterior column grows faster, and the posterior column slower, in AIS patients when compared with healthy controls. There is a disagreement in the literature as to whether the anterior vertebral body heights are proportionally greater than posterior vertebral body heights in AIS patients when compared with healthy controls. To some extent, these discrepancies may be attributed to methodological differences. Methods. MRI scans of the major curve of 21 AIS patients (mean age 12.5 AE 1.4 years, mean Cobb 32.2 AE 12.8 degrees) and between T4 and T12 of 21 healthy adolescents (mean age 12.1 AE 0.5 years) were captured for this study. Of the 21 AIS patients, 14 had a second scan on average 10.8 AE 4.7 months after the first. Anterior and posterior vertebral body heights were measured from the true sagittal plane of each vertebra such that anterior overgrowth could be quantified. Results. The difference between anterior and posterior vertebral body height in healthy, nonscoliotic children was significantly greater than in AIS patients with mild to moderate scoliosis. There was; however, no significant relationship between the overall anterior-posterior vertebral body height difference in AIS and either severity of the curve or its progression over time. Conclusion. Whilst AIS patients have a proportionally longer anterior column than nonscoliotic controls, the degree of anterior overgrowth was not related to the rate of progression or the severity of the scoliotic curve.
A dolescent idiopathic scoliosis (AIS) is a three-dimensional (3D) spinal deformity that affects approximately 2.5% of the population and is three to four times more common in females than males. 1, 2 Relative anterior overgrowth has been proposed as a potential driver for AIS initiation and progression. This theory proposes that the anterior column grows faster, and the posterior column slower, in AIS patients when compared with healthy controls. [3] [4] [5] [6] Theoretically, this disparity causes an internal stress state, which when high enough, causes the spine to bend laterally and twist. If true, this disparity of heights should be measureable in AIS patients (and different when compared with healthy controls) and, to the extent that this overgrowth occurs in the vertebrae of the spine, some correlation should exist between anterior to posterior vertebral body (VB) height differences and the severity of the curve or its progression over time.
A number of studies have examined various vertebral parameters in an attempt to either prove or disprove this theory, and yet a consensus has not been reached. In healthy adult females, the posterior height of the thoracic VBs has been found to be larger than the anterior height. 7 While some studies of AIS subjects have found the opposite relationship (anterior height greater than posterior height), 8, 9 others have found no significant difference in the anterior and posterior VB heights in AIS patients. 10 Alternatively, the anterior-posterior height disparity has been measured in terms of a wedge angle in the sagittal plane. This technique has found both smaller wedge angles in AIS patients with larger Cobb angles; 11 and no significant difference between sagittal wedge angles in mild and moderate scoliosis, 12 as well as no difference between AIS and normal VBs. 13 This lack of agreement between studies can largely be attributed to methodological differences, with many of the techniques used being based on 2-dimensional (2D) images, and so failing to account for the 3D curvature of a scoliotic spine. A recent study by Schlö sser et al 9 addressed the question of projection errors owing to vertebral rotation by measuring VB and disc dimensions using 3D CT scans in a series of 77 AIS patients. This study found that anteriorposterior height differences were much greater in the discs than in the vertebral bodies, and the authors concluded that the deformity was, therefore, an adaptation to forces acting on the spine rather than a primary disturbance of growth. In this study, however, all of the subjects were scanned presurgery; therefore, had large curves (mean thoracic Cobb angle 58.78). While the use of 3D imaging significantly advances the level of confidence in these authors' anatomical measurements for investigating the anterior overgrowth hypothesis, the advanced deformities in this patient cohort precluded understanding of the processes occurring during curve progression before the decision to operate.
In this study we report on changes in VB height over time during scoliosis progression using a sequential 3D magnetic resonance imaging (MRI) protocol, to assess how VB height discrepancies change during growth in AIS.
MATERIALS AND METHODS

Patient Population
An ongoing dataset of MRI scans of AIS patients and healthy controls is being collected by the Paediatric Spine Research Group. For this study, scans of 21 AIS and 21 healthy controls were used. For inclusion, AIS patients had to (1) be between 10 and 15 years old, (2) have idiopathic scoliosis but otherwise be healthy, (3) have no mental impairment, (4) have right sided major curves with a Cobb angle of at least 108, 14 and (5) have a maximum Risser grade of two. 15 Patients with congenital, neuromuscular, or other possible aetiologies were excluded. Of the 21 AIS patients, 14 were scanned a second time. The intervals between pairs of scans varied in this subgroup, and were determined through estimation of the remaining potential for growth. This was based upon Risser grade, age, and menarchal status of each patient. 16, 17 The healthy participants had a single MRI scan, were required to be females between 10 and 12 years, have no history of a spine disorder, and no clinical signs of scoliosis. This was determined by an experienced Spinal Physiotherapist through a postural assessment and the Adams' forward bending test. 18 Ethical approval for this project was granted by both the Hospital and University Ethics Committees at the authors' institutions.
MRI Scanning Protocol
Scans were obtained using a three Tesla (3T) MRI scanner (Philips Achieva 3.0T TX Dual Transit system, Amsterdam, Netherlands) at the Mater Adults Hospital (Mater Health Services, Brisbane, Australia). Patients were positioned in a supine position with their arms resting by their sides. In the AIS patients, the whole major curve was captured in high resolution images (T1-weighted 3D gradient echo sequence, TR ¼ 5.9ms, TE ¼ 2.7 ms, flip angle ¼ 5 degrees, voxel size ¼ 0.5 Â 0.5 Â 0.5 mm). For the healthy controls the most cranial slice was positioned such that it cut through T3. The maximum imaging volume using this sequence was 250 x 250 x 95 mm such that the most caudal slice was usually at L1, depending on the height of the subject.
Measurement of VB Heights
Heights were measured on all VBs in the thoracic major curve of the AIS patients and from T4 to T12 on the healthy controls. The true sagittal plane from which measurements were taken was identified by rotating in all three planes using AMIRA software (Version 5.5.0, FEI, Hillsboro, Oregon) in order to take the VB rotation and tilt into account. Then, from the sagittal view (Figure 1 ), points at the VB corners, furthest from the centre of the VB were Figure 1 . Sagittal view, adjusted to account for the rotation and tilt of the VB, from which the landmarks to determine VB heights were identified.
identified so that heights could be calculated. VB corners have also been identified for this purpose in previous studies. [10] [11] [12] This technique accounts for the 3D rotation of vertebrae in AIS.
Inter-and intra-observer measurement variability were investigated through multiple measurements of three VBs; the upper and lower most VB of the major curve and the apical VB. Repeated measurements were taken from four of the AIS patients at both the time of the first and last scan in order to ensure that the calculated variability was applicable to both mild and moderate scoliotic curves. Intra-observer variability was investigated by the same observer performing the measurements twice, approximately a week apart, and interobserver variability was investigated using measurements taken by a second observer, also, approximately a week apart. The 95% limits of agreement, as proposed by Bland and Altman, 19, 20 were calculated for the VB heights. This method involves finding the differences between measurements and then calculating the mean and standard deviation of those differences. The 95% limits of agreement were then defined as the mean difference AE 1.96 Â standard deviation. Thus, 95% of the differences between measurements are expected to lie between these two reported limits. VB heights were calculated by finding the vector magnitude between the anterior and posterior VB corners.
Quantifying Anterior Overgrowth
Measurements from the first scan of the AIS patients and the scans of the controls were compared in terms of anterior and posterior VB heights using a two-tailed, unpaired, equal variance t-test with a significance level of P < 0.05. Comparing anterior and posterior heights level-by-level, the overall anterior-posterior VB height difference (D(A À P)) was compared. This was calculated using the following equation:
In which, P A is the sum of the anterior VB heights, and P P is the sum of the posterior VB heights. Differences between groups were also assessed using a two-tailed, unpaired, equal variance t-test with a significance level of P < 0.05.
In order to determine whether there was a correlation between VB heights and the severity of the curve or its progression over time, the total anterior-posterior VB height difference was compared against the severity of the curve and progression (increase in major Cobb angle per year) between 1st and 2nd scan. As a means of dividing the AIS patients into progressed and nonprogressed groups, a cut-off of a 5-degree increase between scans was used. The increase of 5 degrees is the generally accepted minimum Cobb angle increase between successive measurements taken to indicate progression. Relationships were assessed by calculating the Spearman's correlation coefficient with the significance level set at 0.05 (SPSS Statistics, Version 22.0, IBM Corp., Armonk, NY).
RESULT Patient Population
All AIS patients had Lenke 1 curve types. 21 Further details of the patient population can be found in Table 1 .
Inter-and Intra-Observer Measurement Variability
The inter-and intra-observer measurement variability (95% limits of agreement) in the VB heights were 1.1 and 0.8 mm, respectively.
Quantifying Anterior Overgrowth
Comparisons between the 1st and 2nd scans of the AIS patients and the single scan of the healthy controls in terms of anterior and posterior VB heights at each level are shown in Figure 2 . In the AIS patients the apex of the curve was most commonly at T8 (range T8-T11).
The overall (T4 to T12) anterior-posterior VB height difference (D(A À P)) for the controls and the AIS patients at each of their scans are shown in Figure 3 .
Overall (T4 to T12) anterior-posterior VB height differences in the AIS patients are compared against major Cobb angle and the rate of major Cobb angle change in Figure 4 . There were no significant relationships between either the overall (T4 to T12) anterior-posterior VB height difference and major Cobb angle (at both scans 1 and 2) or the overall (T4 to T12) anterior-posterior VB height difference at scan 1 and the rate of Cobb angle change across the interval between scans (P > 0.05).
DISCUSSION
This is the first sequential MRI dataset tracking AIS patients through growth. In this study, this dataset was used to determine how anterior and posterior VB heights differ between scoliosis patients and healthy controls and also how these heights change as the AIS deformity progresses. Both the inter-and intra-observer measurement variability in VB heights were within 1.1 mm which is approximately equal to two voxels (each voxel was 0.5 mm), demonstrating the accuracy of the measurement technique. This variance is small enough that firm comparisons can be made between datasets.
As Figure 2 showed, in agreement with the findings of Guo et al, 10 both the anterior and posterior VB heights were greater in the AIS patients in comparison with the controls at the time of the first scan apart from at T4 both anteriorly and posteriorly and at T8 and T11 posteriorly (Figure 2) . Unlike the studies performed by both Deacon et al 8 and Schlö sser et al 9 , greater anterior VB heights in comparison with posterior VB heights were not seen in this patient cohort. This discrepancy may be explained by the differences in patient population studied. The average age of AIS patients studied here was 12.5 AE 1.4 years while Schlö sser et al's patients were older (average age 17.1 AE 2.9 years) and unfortunately the age of the scoliotic skeletons analysed by Deacon et al was not reported.
Evidence of anterior overgrowth was assessed by calculating the difference between anterior and posterior VB heights. No significant differences were seen at any level between the controls and the AIS patients at either scan 1 or 2 apart from at T11, where the VBs of the AIS patients at scan 2 were significantly more anteriorly wedged than the healthy controls ( Figure 2C ). This difference may be, however, accounted for by the fact that the AIS patients at the time of their second scan were significantly older than the controls (13.8 AE 1.4 years in the AIS patients at scan 2 versus 12.1 AE 0.5 years in the healthy controls).
In addition to calculations at each individual level, the overall anterior-posterior VB height differences were compared (Figure 3) . In all three groups, the posterior height was greater than the anterior (negative D(A À P)). The AIS patients at both the first and second scans had overall anterior-posterior VB height differences that were significantly smaller than in the controls. Schlö sser et al 9 found that the overall anterior height was greater than the posterior height by 2.6% and 3.1% in thoracic and thoraco-lumbar curves, respectively, compared with À2.9% and À2.7% found in the AIS patients in this study at the 1st and 2nd scan, respectively. As already mentioned, however, Schlö sser et al used data from patients with an average age of 17.1 AE 2.9 years and an average Cobb angle of 58.7 degrees. Conversely, our AIS subjects were younger (average age 12.5 AE 1.4 years at first scan) and had a smaller average Cobb angle (average 32.2 AE 12.8 degrees at first scan). Given the similarity in measurement technique between the two studies, it may be that anterior overgrowth continues throughout scoliosis progression until the anterior VB height overtakes the posterior height. This conclusion can only be drawn tentatively however, as the mean Cobb angle of our AIS group at second scan was still only 41 degrees, nearly 20 degrees less than Schlö sser et al's cohort.
There were no trends between the overall anteriorposterior VB height difference and the Cobb angle at either the 1 st or 2 nd scans of the AIS patients ( Figure 4a ) and there was no relationship between the rate of Cobb angle change (progression) and the overall anterior-posterior VB height difference (Figure 4b ). To the extent that one would expect the degree of anterior overgrowth to be related to the rate of progression and/or severity of the curve, these findings do not support the theory of anterior overgrowth. However, Schlö sser et al 9 reported at least three times more deformation in the discs than in the vertebral bodies, therefore, this may be evident in the discs of these AIS patients.
Measurements were taken from 21 AIS patients and 21 healthy controls in this study. While this dataset was large enough to show significant differences between overall thoracic anterior posterior heights, a larger dataset may show significant differences at individual levels. However, since the differences seen in the current dataset are small, it may be that because of the measurement variability significant differences would not be found. Further recruitment and continued analysis of this data is therefore recommended for future studies to allow for firmer conclusions to be reached regarding level-by-level differences.
Whilst the focus of this study was investigating the hypothesis of relative anterior overgrowth as a driver of deformity progression in idiopathic scoliosis, we acknowledge that there are a number of other hypotheses regarding AIS aetiology and progression (for example Sevastik rib overgrowth). 22 As this study only focusses on vertebral anatomy changes in the mid-sagittal plane, it is not possible to speculate on whether other abnormal anatomical changes (for example rib overgrowth) precede or follow the growth patterns measured here.
In conclusion, the difference between anterior and posterior VB height in healthy, nonscoliotic children is Figure 4 . (A) Overall (T4 to T12) anterior-posterior VB height difference in the AIS patients at scans 1 and 2 plotted against major Cobb angle. At the time of scan 2, the AIS subjects were divided into two groups based upon whether their major Cobb angle had increased by more than 5 degrees between scans; progressed group (blue crosses), and nonprogressed group (green crosses). Control subjects had no measurable Cobb angle and therefore were assigned an angle of 0 degrees. (B) Relationship between overall anteriorposterior VB height difference at the time of the first scan and the rate of major Cobb angle change between scans (for the 14 patients who underwent sequential scans).
significantly greater than in AIS patients with mild to moderate scoliosis. There was, however, no clear trend between the overall anterior-posterior VB height difference and either severity of the scoliotic curve or its progression over time.
Key Points
Relative anterior overgrowth has been proposed as a potential driver for adolescent idiopathic scoliosis (AIS) initiation and progression. Magnetic resonance imaging (MRI) scans were taken of the major scoliotic curves of 21 AIS patients and 21 age-matched healthy adolescents. AIS patients have a proportionally longer anterior column than nonscoliotic controls. The degree of anterior overgrowth is not related to the rate of progression or the severity of the scoliotic curve.
